We detail and present results from a pilot study to assess the feasibility of detecting molecular lines at low radio frequencies. We observed a 400 square degree region centred on the Galactic Centre with the Murchison Widefield Array (MWA) between 103 and 133 MHz targeting 28 known molecular species that have significant transitions. The results of this survey yield tentative detections of nitric oxide (NO) and the mercapto radical (SH). Both of these molecules appear to be associated with evolved stars.
INTRODUCTION
In the last five years, new radio telescopes have been commissioned for use in the frequency range of 30 to 300 MHz, including the Long Wavelength Array (LWA; Taylor et al. 2012) , the Low-Frequency Array (LOFAR; van Haarlem et al. 2013 ) and the Murchison Widefield Array (MWA; Tingay et al. 2013; Lonsdale et al. 2009 ). The capabilities of this new generation of radio telescopes, as well as upgraded facilities such as the Karl G. Jansky Very Large Array (JVLA; Perley et al. 2011) and Giant Metrewave Radio Telescope (uGMRT; Gupta 2014), allow us to revisit low radio frequencies to study spectral lines.
Radio spectral line emission from within our Galaxy is a widely-used probe of astrophysics (Herbst & van Dishoeck 2009) . Comparison of different spectral lines, and therefore different molecules, can be used as a probe of many interstellar processes including the chemical and physical evolution of stars (van Dishoeck 2014) and planets (Cosmovici 1979) . Many of the recent large molecular line surveys in the radio, infrared, and submillimetre, such as MALT 45 (Jordan et al. 2015) , MALT 90 (Jackson et al. 2013) , Herschel/Hi-GAL follow-up (e.g. Olmi et al. 2014 Olmi et al. , 2015 and HOPS (Walsh et al. 2011) were motivated by studying and characterising molecular clouds, high mass stars, and their environments.
One of the challenges faced by sensitive spectral line E-mail: chenoa.tremblay@postgrad.curtin.edu.au surveys at high frequencies is line confusion of multiple transitions, making identification of new molecules difficult. For example, the IRAM 30 m survey of the Orion region between 80 and 281 GHz, is significantly hindered by known prominent spectral lines when searching for rarer molecules such as methyl formate (CH3OCHO; Tercero et al. 2015 ). As we observe in frequencies down towards 100 MHz, these transition spread out, making them less confused.
The formation pathways for many molecules, especially for complex organics, are still unknown. Recent articles suggest that observations at the lower frequencies may provide key information by observing long chain molecules and low energy transitions of simple diatomics that are not easily identified with observations at higher frequency (e.g. Codella et al. 2015; Danilovich et al. 2016) . This was demonstrated recently in the search for propylene oxide (c-CH3C2H3O) where previous attempts to find the molecule at 99 GHz (Cunningham et al. 2007 ) failed but more recent results at 12.1 GHz yielded detections of three transitions (McGuire et al. 2016) .
Low-frequency observations may also be beneficial to study the formation mechanisms of high-mass stars through the detections of molecules typically hindered by line confusion in higher frequencies . Isella et al. (2015) suggest that the ionised hydrogen (Hii) regions around high mass stars may be optically thick, hiding the central molecular emission of high mass protostars, at frequencies less than 10 GHz. Hindson et al. (2016) found that the Hii regions are optically thin until around 200 MHz, suggesting that observations between 1 GHz and 200 MHz could provide contributions to understanding the chemical evolution of high-mass stars and thus their formation in regions where the ionised hydrogen is uniform. Lower frequencies could still contribute in early stages of formation before the star ignites and when the gas is clumpy.
Sulfur is one of the most abundant elements in the universe. However, there is an apparent lack in molecular form in the interstellar medium. Gorai et al. (2016) review the current issues regarding the missing interstellar sulfur-containing molecules during their research of the formation mechanisms of thiols 1 . Currently, observations have only accounted for one-quarter of the total interstellar sulfur thought to be associated with molecules, which may be due to molecular instability at higher temperatures (Millar & Herbst 1990) .
Motivated by the possibility of detecting molecular spectral lines at radio frequencies that are not normally accessible (due to line confusion, instrumentation limitations or radio-frequency interference), we have used the MWA to perform a pilot survey around the Galactic centre region. Within this region we would expect to detect molecular lines within evolved stars and molecular clouds. However, with the dominance of synchrotron radiation at these frequencies and the lack of good prediction models, it is difficult to know what to expect. A primary science goal of the MWA is the search for redshifted Hi 21 cm emission from the Epoch of Reionisation (EoR) ). The design requirements for the EoR experiment make the MWA well suited for large-area blind spectral line surveys.
The primary goal of this work was to assess the feasibility of using a new, multi-purpose, wide-field, low-frequency radio telescope, such as the MWA, to study molecular spectral lines and to demonstrate a pipeline for processing MWA data for such an analysis.
OBSERVATIONS & DATA REDUCTION
The region under study, shown in Figure 1 , is 400 square degrees centred on 17 h 45 m 40 s −29
• 00 28 (J2000). The observations were performed using the MWA, which is located at the Murchison Radio-astronomy Observatory in Western Australia, on 25 July 2014 and 27 July 2016 for 120 minutes each night. A detailed description of the MWA, including its capabilities and specifications, are found in Tingay et al. (2013) . However, we provide a short outline and details pertinent to this work. The MWA consists of 128 antenna "tiles", each containing 16 dual-polarisation dipole antennas, with a maximum baseline length of 3 km. At 120 MHz, the FWHM of the primary beam (field-of-view) and synthesised beam (resolution) are 30 degrees and 3.2 arc minutes, respectively.
For each of the two nights, the observations were completed in 24 five-minute snapshots using a standard MWA observing procedure. At the beginning of each five-minute snapshot, the antenna tiles are re-pointed to track the field over the night.
1 The sulfur analogue of alcohols Data were collected in a 30.72 MHz contiguous band, centred at 119.7 MHz. The MWA uses a two-stage filterbank to channelise the signal. The output of the first filterbank consists of 24 × 1.28 MHz "coarse" channels; each coarse channel is further subdivided into 128 × 10 kHz "fine" channels, resulting in 3072 (10 kHz-wide) spectral channels. The 10 kHz channel width corresponds to a velocity resolution of 26 km s −1 . The edges of each coarse channel suffer from aliasing in the first stage filterbank, hence the 14 fine channels on both edges of each coarse channel were flagged. The central fine channel of each coarse channel contains the (non-zero) DC component of the polyphase filterbank (Thiagaraj et al. 2015) and was also flagged. Additional flagging for radiofrequency interference was performed in each observation using standard MWA tools that are based on AOFlagger (Offringa et al. 2010 (Offringa et al. , 2012 . This program is designed to find peaks in time and frequency that are likely to be the result of radio frequency interference (RFI).
In summary, the central 100 fine channels of each coarse channel were imaged. This resulted in 78% of the bandpass being imaged.
Calibration & Imaging
The MWA tool Cotter (Offringa et al. 2015a ) was used to apply the flags and set the phase centre for every observation to 17 h 45 m 40 s −29
• 00 28 (J2000). The bright radio source Hercules A was observed for two minutes each night and was used for initial bandpass calibration, using the Mithcal calibration tool described in Offringa et al. (2016) . Radio source 3C353 also lies within the field-of-view of the observation centred on Hercules A, hence we followed the approach adopted by Hurley-Walker et al. (2014) to incorporate 3C353 using self calibration. The revised bandpass solution was then applied to each of the five-minute observations of the Galactic Centre.
As this was the first attempt to analyse MWA observations for spectral lines, we designed a novel method to create searchable image cubes; the pipeline is summarised in Figure 2 .
In widefield interferometric imaging with a noncoplanar array, the visibility (u, v, w) data can no longer be related to the sky (l, m) by a simple 2-D Fourier Transform, because the values of w are no longer negligible (Cornwell et al. 2005) . WSClean (Offringa et al. 2014) , uses w-stacking to perform a computationally-efficient transformation of visibility data into sky images. This software was used to simultaneously clean and image the fine channels associated with each coarse channel by searching for the clean components in a multi-frequency synthesis image and then subtracting the components from each individual fine channel of the visibilities. We used a Briggs weighting (Briggs 1995) of "−1" for the gridded visibility data to compromise between image resolution and sensitivity.
For each of the 24 coarse channels, 100 of the 10kHz fine channels were imaged to ensure that channels that may be affected by aliasing have been removed. The 10 kHz channel images, made using 4.2 pixels per synthesised beam FWHM, were combined to produce a single image cube which was then converted into a miriad (Sault et al. 1995) file format. In miriad, all of the five-minute snapshot images were time-averaged together using inverse variance weighting, after flux density calibration ( §2.1.1) and ionospheric correction ( §2.1.2), to form a single image cube for each coarse channel, representing 235 minutes of integration time.
As shown in Figure 2 , a continuum image of each coarse channel is used to derive the primary beam model, check the flux density calibration and determine the ionospheric correction values that are applied to each of the fine channel continuum images. Observations at these low frequencies are sky-noisedominated. The measured noise within the continuum subtracted image, after primary beam correction, is approximately 150 mJy beam −1 for most image cubes at the pointing centre and lower than the 300 mJy beam −1 theoretical RMS derived from the background sky temperature and the system temperature reported in Tingay et al. (2013) . However, the RMS noise increases to approximately 300 mJy beam −1 six degrees from the Galactic Centre, following the shape of the primary beam as shown in Figure  3 . The estimated sky temperature, through a scaling of the Haslam model (Remazeilles et al. 2015) , for the Galactic Centre was T sky = 3582 K, which was a factor of ten greater than the nominal T sky , due to the bright diffuse synchrotron emission from this part of the Galaxy.
Flux Density Calibration
The primary beam is the sensitivity pattern of the individual receiving elements (tiles for the MWA) and is direction and frequency dependent. The dipoles are not uniformly sensitive to the incoming radiation from all directions, reducing the apparent flux density of sources located further away from the pointing centre. Therefore, we must correct for the changing brightness distribution on the sky by dividing the fine channel continuum image by the beam model derived from each coarse channel for each observation. The flux densities of observed sources are then compared to those published in the Molonglo Reference Catalogue (MRC; Large et al. 1981) , as the 408 MHz catalogue is close to our ob- serving frequencies and it has sources within |b| > 3. The values for each cross-matched point source in the MRC were scaled down to our frequency using a spectral index of −0.83 (Hurley-Walker et al. 2017) . The flux densities were found to have a flux density scale difference of 3% over 25 sources, so no direction-dependent calibration was required.
Ionospheric Correction
Each five-minute observation over the two epochs experienced slightly different phase distortions due to changing ionospheric conditions. This manifested as small (≈ 20-40 arc seconds) direction-dependent shift to the positions of sources in every observation. Using the software aegean (Hancock et al. 2012) , the source positions within each coarse channel continuum image was determined. These positions were compared to those reported in the MRC and the mean shift was applied to each image cube, before the observations were averaged together ( §2.1).
After corrections were made and the image cubes were averaged together, the residual shift in source position, compared to MRC, is 1 arc second in right ascension (RA) and −2 arc seconds in declination (Dec). The ratio of the peak flux density and the integrated flux density was calculated to determine the amount of blurring from residual uncorrected ionospheric shifts and found to be 1.10±0.11. Based on the standard deviation of the position offsets of the sources from MRC, the astrometric precision for a typical source position is 18 arc seconds with the dominant error being uncorrected residual shifts within each observation.
Continuum Subtraction
The MWA is made up of dipole antennas that observe a wide field of view, so traditional methods of continuum subtraction in (u, v, w) space could not be used. Early attempts to use the casa command uvcontsub to subtract the continuum using a first order polynomial, resulted in only removing 71 of the continuum and created severe smearing of sources away from the phase centre. These were likely due to the inability of uvcontsub to correct for the w-terms. Therefore, the continuum was subtracted in the image domain.
We followed a method similar to that which was developed for and used in the Southern Parkes Large-Area Survey in Hydroxyl (SPLASH; Dawson et al. 2014) to subtract the continuum and residual bandpass. A smoothed image cube was created by binning together the spectral signal in sets of 15 fine channels, for each pixel position, and subtracting the new smoothed image cube from the continuum image cube.
LINE SEARCH & IDENTIFICATION

Survey Strategy
In this survey, we preformed two different search strategies to find spectral lines within these image cubes. First, we completed a targeted search by looking for lines we thought were most likely to be detected based on the line strengths, quantum numbers, and energies listed within the databases Cologne Database for Molecular Spectroscopy (CDMS) (Müller et al. 2001) , Spectral Line Atlas of Interstellar Molecules (SLAIM) (Splatalogue 2 ), Jet Propulsion Laboratory (JPL) (Pickett et al. 1998 ) and Top Model ( §4.1). Second, we completed a blind search over 1920 of the 2400 imaged spectral channels and looked for lines brighter than the 6σ limit of the local RMS within the image cube in both emission and absorption ( §4.2). The Galactic Centre is of particular interest in the blind search as the Galactic centre offers a stimulated environment with increased gas densities, temperatures (Menten 2004 ) and possibly cosmic rays (Chambers et al. 2014 ). These additional factors may be responsible for the fact that transitions from the largest molecules have only been detected toward the Galactic centre (Jones et al. 2012 ).
Line Search
As this is the first survey of molecular lines at 100 MHz and many of the channels are affected by aliasing ( §2.1), a conservative search approach was used. A limit of 6σ of the local RMS in the final image cube for the blind search and 5σ for the targeted search, was set for the molecular line search in both emission and absorption. To perform the search, an RMS map of each averaged image cube, each representing one of the 24 coarse channels, was created. The RMS map was divided by the continuum-subtracted image cube to create a signal-to-noise (SNR) data cube. The SNR cube was converted into a miriad (Sault et al. 1995) file format and a map of the peak intensity of each pixel was created by fitting a three-point quadratic to every three adjacent fine channels in each pixel position (see miriad documentation on moment map "-2" for additional details).
3 The software aegean (Hancock et al. 2012 ) was used to look for peaks over 6 in each of the 24 coarse channel maps for the blind search and for peaks over 5 in two of the coarse channel maps for the targeted search. Each potential spectral line found by aegean was further investigated by observing the location in the continuum subtracted image cube. For any peak associated with a known molecular line, the data were then cross-matched with objects in SIMBAD 4 lying within three arc minutes of the centre pixel, the size of the FWHM of the synthesised beam.
RESULTS
Targeted Search
Based on line strengths and energies, given in Tables 1, 2 and 3, we expect the most likely detections to be the mercapto radical (SH) and nitric oxide (NO). Nitric oxide has a significant number of known low energy transitions at the frequencies of 103−133 MHz and was determined by Gerin et al. (1992) to have abundances similar to C 18 O. The groundstate hyperfine-splitting transitions of SH lie in the range 100-123 MHz.
These two molecules have been detected in other transitions towards astrophysical objects. However, we expect some of the excitation mechanisms for these low frequency detections to be different. Many of the molecular transitions detected at higher frequencies are of shocked or hot gas. The expectation is that at low frequencies the transitions would primarily be emitted from cold gas.
Based on a confirmed Gaussian noise distribution, at a 5 σ level, we would expect 1 false detection per image cube. However, using the source density described in §4.2, we would expect 0.003 channels to have a signal that correlates with a known molecular line and a known object.
We have tentatively detected the Mercapto radical ( §4.1.1) and nitric oxide ( §4.1.2). Both of these detections appear to be associated with evolved stars which are plausible chemical environments for these molecules. The chances of these peaks being the result of noise, instead of molecular detections is 0.03, using similar source densities and statistics as described in §4.2.
Tentative Detection of Mercapto radical (SH)
Diatomic hydrides are the simplest interstellar molecules and may provide key information about the interstellar medium (ISM); the reactions that lead to their production in interstellar environments are characterised by low activation energies and high critical densities (Bruderer et al. 2010; Godard et al. 2012 , F= 2 + --2 − SH transition at 111.56 MHz around the evolved star 2MASS J17360840−2533343 (Figure 1 ). This transition represents the most intense line and so the most likely to be detected.
The SH hyperfine transitions are analogues to those of the hydroxyl radical (OH) at 1.6 GHz (Dawson et al. 2014) . The OH transitions are well-known strong masers that originate from star-forming regions and evolved stars. Therefore, it might be expected that the SH analogue transitions might also exhibit maser activity. This would significantly increase their detectability, although predicting the maser gain for such transitions is difficult.
If we assume similar thermal emission properties, we can use the known abundance information about OH to predict the flux of SH in these observations. The sensitivity calculation uses a standard ratio of the relative abundance of sulfur compared to oxygen, which is 1/21 (Wilson & Rood 1994) and the detected concentration of OH in the Galactic Centre with SPLASH (Dawson et al. 2014) . With this, we estimate SH should show absorption of about 0.3 and 0.5 Jy for the 111.49 and 111.55 MHz transitions respectively. This intensity is around the 3σ noise threshold of our observations in the Galactic centre, suggesting that the tentative detection shows signs of maser activity. We note that our estimate is simplistic in that it does not consider the chemistry of SH and so should be treated with some caution.
There are two reported infrared detections of SH, representing warm shocked gas in absorption. Yamamura et al. (2000) detected the molecule in the S-type star R Andromedae with a calculated column density of 4.0×10 20 cm −2 using the Kitt Peak 4 m telescope. Neufeld et al. (2012) detected SH using SOFIA in the diffuse cloud, W49N, and calculated the column density to be 4.6×10 12 cm −2 . Neufeld et al. (2012) noted that the abundance is higher than expected, but SH is expected to have a boosted abundance in areas of warm bow shocks (Neufeld et al. 2012; Yamamura et al. 2000) .
In the radio, we expect to detect these low energy transitions within areas of cold gas, instead of the shocked gas in which the infrared detections were made. Assuming standard thermal absorption mechanisms, we calculate a total column density of 2.2×10 20 cm −2 , using the partition function and upper level degeneracy, for low temperatures, as quoted in the CDMS catalogue. This is the same order of magnitude as reported by Yamamura et al. (2000) in the infrared, and the beam sizes are likely to be similar.
The star 2MASS J17360840 − 2533343, has not been part of any study and no information is known regarding its distance or velocity. However, the velocity of 26±13 km s −1 is realistic based the Galactic rotation curve in CO generated by Dame et al. (2001) . There are no other known molecular transitions within 200 km s −1 of this transitions, so no other molecule can be assigned to this absorption peak. Catalogue -JPL -Jet Propulsion Laboratory Spectral Line Catalogue, (Pickett et al. 1998) Molecule detected in evolved stars as per the NIST Spectral Database (Lovas et al. 2003) 
Tentative Detection of Nitric Oxide (NO)
In the frequency band of these observations, there are several hyper-fine transitions of nitric oxide with an upper energy level for the transitions greater than 300 K; so therefore we did not search at these frequencies as they are unlikely to be detected. However, one nitric oxide transition listed in Table  2 and transitions for four nitric oxide isotopologues listed in Table 3 have low enough energies to be likely detectable. The transition at 107.37 MHz represents J= with an upper energy level of 7.195 K, so is the most likely to be detected. At this frequency we have tentatively detected NO in three objects at the level of 5 σ, as shown in Figure  5 .
At the frequency of 107.36 MHz, we tentatively detect emission which appears to be associated with a semi-regular pulsating star OGLE BLG-LPV 21112. This star was identified by Soszyński et al. (2013) in a survey of variable stars around the Galactic bulge. At the frequency of 107.37 and 107.40 MHz, we tentatively detect NO in absorption at the position of G348.58 +02.69 and G356.11 -03.60.
Both Quintana-Lacaci et al. (2013) and Chen et al. (2014) suggest NO is observed in the same regions as hydroxyl (OH) in shocked gas and interacts by the reaction OH + N → NO + H. Hydroxyl masers are found in regions of high-mass star formation, main sequence evolved stars and around the expanding circumstellar envelopes of variable red giant stars (Benson et al. 1990; Rudnitskij 2002) . In these variable stars, Rudnitskij (2002) explains that a quasi-stationary layer of gas and dust, about 10 solar radii from the centre of the star, hosts a variety molecules. Occasionally, a small shock wave of approximately 6−10 km s −1 crosses this layer, creating a pumping mechanism for masers to occur.
The emission and absorption peaks tentatively detected are at 107.36 MHz, 107.37 and 107.40 MHz (Table 2) at 107.36 MHz. When the source position for OGLE BLG-LPV 65700 is compared to the Galactic rotation curve in CO generated by Dame et al. (2001) , the velocity of 78±13 km s −1 is determined to be realistic. An alternative transition around 107.37 MHz is N 18 O at 107.311 MHz, which has an upper energy of 6.86 K and represents the J = transition. However, this would mean the velocity is approximately −221 km s −1 for each source, which is higher than standard velocities, so is an unlikely association.
The column density for the emission and absorption lines were calculated as per Appendix 1 using the partition function and upper level degeneracy, for low temperatures, as quoted in the CDMS catalogue. For the absorption lines, the optical depth (τ ) was close to unity for both objects when the continuum brightness temperature for detection location was scaled from the Haslam 408 MHz map. The brightness temperature for the emission line, using the Raleigh-Jeans approximation, is 4370 K. This suggests the emission is non-thermal and that the column density calculation may be non-representative of the environment.
Blind Search
A blind search in both absorption and emission was completed at a threshold of 6σ of the local RMS measured in each final image cube. This corresponds to a flux density limit of 0.75 Jy beam −1 in the Galactic Centre and 1.8 Jy beam
−1 approximately six degrees from the Galactic Centre region. Of the 2400 channels imaged, only 1920 channels were used in the search for spectral lines due to the aliasing effects near the edge channels (see §2.1 for details). Since the spectral noise across the image is confirmed to be Gaussian, at 6σ we can expect one false detection in the 1920 channels and 4×10 6 pixels that were imaged. Any peak over the 6σ limit was then compared with known molecular lines from the databases CDMS, SLAIM, JPL and Top Model. In the frequency band of 103 to 133 MHz, there are 28 known species that have published transitions with energy in the upper excitation state less than 300 K. A selection of 22 of the molecules most likely to be detected based on their line strengths, energy levels and quantum mechanics are listed in Table 3 . The rest frequencies for each transition were determined from a mix of laboratory experiments and theoretical modelling. The details are found in the associated database listed in Table 3 . For any known molecular lines, the data were then correlated with objects in SIMBAD for any sources within three arc minutes of the centre pixel.
We discovered one peak above the 6 σ threshold at 124.91 MHz that was associated with the known star OGLE BLG RRLYR 1344 (17 h 40 m 27 s -21
• 22 53 ), but was not associated with any known molecular transition. Further laboratory experiments for molecular transitions, at these low frequencies, would be helpful to determine useful targets and integration times for more sensitive searches.
To calculate the chance of a false detection corresponding to a known molecular line and known source position, we used an OH survey to approximate a source density within our field-of-view. This is a reasonable proxy because OH masers are known to occur within different astrophysical objects in which spectral lines are prominent, such as evolved stars and star-forming regions. In the OH survey by Sevenster et al. (2001), a 105 square degree search of the Galactic Centre yielded 286 objects hosting OH masers. If we extrapolate this to our field of 400 square degrees, we could expect around 1144 sources. Molecular lines can have a velocity of up to 150 km s −1 around the Galactic Centre (Olofsson et al. 1982) . This velocity means that a molecular transition can shift up to 5 channels in either direction from the rest frequency. Therefore, we would expect molecular lines to be within only 111 channels of the 1920 searched. Taking these numbers into account we would expect 0.00002 channels (or 0.0022 chance) to have a peak flux density greater than 6 σ and coincidentally correspond with a known molecular line and a known source.
This survey yielded no results in emission or absorption above the 6 σ limit that were associated with known objects and known molecular lines. The results in Table 3 represent the upper limit on the column densities for 22 molecules potentially detectable within these observations. The limit on the column densities are calculated assuming standard thermal excitation mechanisms. However, this may not be the case for low frequency transitions.
DISCUSSION
This survey is the first reported molecular search at low frequency and the goal was to assess the feasibility of using the MWA for this style of work. Within the 400 square degree field-of-view, we would expect up to 1,100 sources (as discussed in §4.2) to contain molecular rich environments in which molecular transitions could be detected. The telescope's wide field-of-view, along with the extreme radio quiet of the Murchison Radio-astronomy Observatory (Offringa et al. 2015b ), makes it a great survey instrument to find new and interesting molecular regions. The search yielded tentative detections of nitric oxide in three objects at 107.37 MHz and the mercapto radical at 111.55 MHz in one evolved star. Here we attempt to explain the difference between the number of objects with tentative detections and the total potential sources within the field of view.
At radio frequencies, the ratio of photon energy to kinetic energy (hν/kT ) at a temperature T is very small (<<1). This makes almost every object a thermal radio source, as the brightness of the blackbody emitter is proportional to the square of the frequency (ν 2 ). For radio spectral lines, hν/kT << 1 lowers the opacity limits and makes the emission strength independent of temperature of the emitting gas. The emission is then proportional to the number Table 2 . Results for the search for nitric oxide. The rest frequency is listed in the second row and the third row lists the upper energy level divided by the Boltzmann constant for the transition. We quote the line strength in terms of Sµ 2 in Einstein Coefficient (A ij ) in the third and fourth row. The fifth and sixth row lists the source position in J2000 and Galactic coordinates. The last row lists the column density without taking into account beam dilution and assuming standard thermal emission or absorption properties ( §3.1.2). However, the column densities may be non-physical quantities if these represent boosted emission, such as maser activity. Catalogue -CDMS -Cologne Database for Molecular Spectroscopy (Müller et al. 2001 ) † Molecule detected in star-forming regions as per the NIST Spectral Database (Lovas et al. 2003) Molecule detected in evolved stars as per the NIST Spectral Database (Lovas et al. 2003) of atoms in the proper stage of ionisation (Condon & Ransom 2016) and allows for maser emission with only a small population inversion (Spitzer 1998) . Therefore, at frequencies less than 1 GHz, we are more sensitive to stimulated emission and maser transitions. The set-up of the MWA used during this survey offers a few challenges. Only 78% of the bandpass was imaged due to aliasing from the polyphase filter bank. This reduced the number of potentially detectable known transitions by 36%. Also, with the 3 km baselines, the FWHM of the synthesised beam is 3 arc min, resulting in a large beam dilution factor for objects in or near the Galactic centre, as determined by a ratio of solid angles.
Molecule
The beam dilution could be mitigated by increased integration time. For this survey, the addition of the data observed in 2016 and integrated with the observations from 2014, demonstrated the continuation of the sensitivity increase as a function of square root of time, as expected from the radiometer equation. In order to obtain the sensitivity to match the column densities set by higher frequency observations, we would need to observe for 65 to 100 hours for a five sigma detection (see Figure 6 ). This is the same order of magnitude determined by Codella et al. (2015) for integration time required to observe complex organic molecules with SKA1-Mid at around 1 GHz. However, any stimulated emission would boost the detectability and therefore, reduce the required amount of integration time. In the context of this survey, with four hours of total integration time, we are only sensitive to unique stimulated environments.
The MWA is undergoing an upgrade to add baselines of lengths up to 6 km, which reduces the beam size and therefore the beam dilution. This would increase the angular resolution to 1.6 arc minutes, could increase the sensitivity to less abundant molecules and increase our ability to resolve the regions in which the molecules are detected.
Telescopes observing around 100 MHz are strongly influenced by the ionosphere, causing changes in the apparent position of the sources. As discussed in §2.1.2, this was corrected with a single correction factor for each snapshot observation. However, with longer baselines, not all of the dipoles will be observing the same isoplanatic patch of the ionosphere and different tools will need to be utilised.
The biggest challenge in this style of work with the MWA and possibly with the future SKA-Low is the spectral sensitivity. The aliasing from the polyphase filterbank reduced the number of transitions we could detect and the spectral shape of each fine channel reduced our sensitivity to transitions near the edges of the fine channels. This is especially apparent with the channel resolution of 26 km s −1 , where most spectral line transitions have a velocity of only a few kilometres per second.
Overall, the setup of the MWA during this survey, combined with the amount of integration time and beam dilution, made us sensitive only to bright stimulated transitions with broad velocity components. Although we have estimated there are likely upwards of 1100 potential sources with potential molecular transitions, these restrictions reduce our chance of detection, but it is difficult to predict by how much, as the expected intensity of the transitions and abundance of the molecules is unknown.
SUMMARY & CONCLUSIONS
The goal of this pilot survey was to assess the feasibility of using low frequency telescopes to observe spectral lines, develop a method for observing molecular lines with the MWA and search for molecular lines in and around the Galactic Centre. From the setup of the MWA described in §2, we are only sensitive to bright molecular transitions with broad excitation. Therefore, there is likely a selection effect to only detect molecules in extraordinary environments. The excitation in these environments is likely non-thermal in emission, as the brightness temperatures are determined to be >1000 K, suggesting either quasi-thermal or maser type emission and absorption.
In this survey, any peak of over 6 σ local RMS in the blind search and 5 σ in the targeted search for NO and SH, Table 3 . Molecules in the ground vibrational state that have known transitions in the 103 to 133 MHz range with upper level energies less than 300 K. The first column lists the name of the molecule. We also note molecules detected at other frequencies in star-forming regions ( †) and evolved stars ( ) in this column. The rest frequency is listed in the second column and the third column lists the upper energy level divided by the Boltzmann constant for the transition. We quote the line strengths in terms of Sµ 2 , with units of Debye 2 in the fourth column and the Einstein Coefficient (A ij ) in the fifth column. The sixth column lists the catalogue used to source the data and the last column lists the upper limit on the column density ( §3.1.2) for the most probable line of each molecule. Note that the detectability of any spectral line will depend on the Sµ 2 and A ij value and the relative abundance of the molecule. However, relative abundances for most of the molecules listed are not known.
Molecule
Rest (Pickett et al. 1998 ), CDMS-Cologne Database for Molecular Spectroscopy (Müller et al. 2001 ), TopModel- (Carvajal et al. 2010 ) † Molecule detected in star-forming regions as per the NIST Spectral Database (Lovas et al. 2003) Molecule detected in evolved stars as per the NIST Spectral Database (Lovas et al. 2003) was cross-matched with known molecular lines and known sources. We have tentatively detected SH and NO in evolved stars at a level of 5σ. However, since both molecules only have a single transition observed in a single channel, they are considered tentative. The column densities calculated are similar to those reported in other surveys, when a correction for beam size is applied.
The RMS decreases with respect to the square root of time. To match the column densities reported in other radio surveys for NO, and to take into account our beam dilution, we would need approximately 30 hours of observations with the MWA to obtain a five sigma detection, assuming standard thermal emission or absorption processes at distances of around 400 pc and 65-100 hours for detections at distances closer to the Galactic Centre. Therefore, the next stage of assessing the low-frequency sky is to complete a full survey of the Orion region from 99-270 MHz. Orion is known as a unique environment with a mix of star-forming and evolved stars, at a distance of approximately 400pc.
At low radio frequencies we are more likely to detect maser activity than is possible at the higher frequency as the emission strengths are independent of temperature of the emitting gas and maser activity is possible with only a small population inversion (Spitzer 1998) . This significantly increases the detectability of molecular transitions. However, it is unknown if all detectable transitions would be stimulated or not.
Overall, the analysis and tentative detections show that it is feasible to detect molecules with the new generation of low-frequency instruments.
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A standard assumption in the calculation of column density is that the source fills the telescope synthesised beam (Herbst & van Dishoeck 2009) . When this assumption is not valid, beam dilution occurs, and a correction must be made. The FWHM of the synthesised beam for the MWA at 120 MHz is three arc minutes and the objects of interest may be much smaller. The column densities can be scaled to the assumed size of the source by a ratio of solid angles.
With a channel resolution of 26 km s −1 , it is expected that most lines will emit in a single channel. However, the area under the curve used in determining the integrated intensity will be preserved when compared to higher spectral resolution instruments in which emission will span multiple channels. Therefore, no correction is required for channel smearing.
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